cells. Such airway epithelial TLR2 reconstitution in TLR2
Ϫ/Ϫ mice significantly reduced lung Mp load (an appropriate 45% reduction), coupled with elevated LTF expression. LTF expression in mice was shown to be mainly dependent on TLR2 signaling in response to Mp infection. Exogenous human LTF protein dose-dependently decreased lung bacterial load in Mp-infected TLR2 Ϫ/Ϫ mice. In addition, human LTF protein directly dose-dependently decreased Mp levels in vitro. These data indicate that reconstitution of airway epithelial TLR2 signaling in TLR2 Ϫ/Ϫ mice significantly restores lung defense against bacteria (e.g., Mp) via increased lung antimicrobial protein LTF production. Our findings may offer a deliverable approach to attenuate bacterial infections in airways of asthma or chronic obstructive pulmonary disease patients with impaired TLR2 function.
Toll-like receptor 2; airway epithelial cells; bacterial clearance AIRWAY BACTERIAL INFECTIONS have been linked to the development and progression of chronic obstructive pulmonary disease (COPD) and asthma (7, 19) . Mycoplasma pneumoniae (Mp) is one of the common strains of bacteria identified in COPD and asthmatic airways and is relevant to disease exacerbations (20, 31) . To reveal the mechanisms underlying Mp persistence in allergic airways, we recently focused on the role of Toll-like receptor 2 (TLR2) signaling in host defense against bacteria. We have demonstrated that ovalbumin-induced airway allergic inflammation impairs TLR2 expression and IL-6 production of lung cells [e.g., dendritic cells (DCs)], which consequently dampens lung Mp clearance in mice (37) . Moreover, lung Mp levels in TLR2-deficient (TLR2 Ϫ/Ϫ ) C57BL/6 mice were shown to be significantly higher than those in wild-type mice (38) . In addition, decreased TLR2 expression has been reported on alveolar macrophages in healthy cigarette smokers and COPD patients compared with healthy nonsmokers, which may be associated with impaired host defense in COPD airways (8) .
Previous studies using the TLR2 Ϫ/Ϫ mouse models have indicated an important role of TLR2 signaling pathway in host defense against a broad spectrum of pathogens, including gram-negative bacteria (e.g., Legionella pneumophila and Porphyromonas gingivalis), gram-positive bacteria (e.g., Pseudomonas aeruginosa), and atypical bacteria (e.g., Chlamydia pneumoniae and Mp) (2, 11, 14, 16, 22, 26, 38) . Airway epithelial cells represent the very front line of respiratory tract mucosal defense to eliminate inhaled pathogens from the lung via various mechanisms, including TLR signaling (13) . Compared with the professional inflammatory cells (e.g., macrophages), human airway epithelial cells express less TLR2 protein. Even such a low level of TLR2 expression enables airway epithelial cells to generate a robust response to TLR2 agonists in vitro (17, 25) . However, the in vivo role of airway epithelial TLR2 signaling in lung defense against bacterial infections (e.g., Mp) has not been directly demonstrated.
Activation of airway TLRs not only induces production of proinflammatory cytokines, but also antimicrobial substances that directly enhance bacterial clearance (3). Lactotransferrin (LTF) is a multifunctional antimicrobial protein found in airway epithelial lining fluid, milk, and other secretions in most mammalian species (34, 35) . Human airway epithelial cells and submucosal gland serous cells produce LTF (9, 10) . In normal human subjects, LTF levels in bronchial epithelial lining fluid are 122 Ϯ 29 g/ml (29) . Whole LTF protein and its NH 2 -terminal peptides exhibit antimicrobial activity against a broad spectrum of pathogens (18) . Additionally, LPS provokes a significant increase of LTF protein in bovine tracheal epithelial cells (1) . These results suggest that LTF may participate in airway mucosal immunity against infections, but whether TLR2 signaling contributes to LTF production following an infection remains unclear.
In the present study, we hypothesized that airway epithelial TLR2 signaling is sufficient to prime host defense against respiratory bacterial infection. We performed in vivo airway epithelial TLR2 gene transfer in TLR2
Ϫ/Ϫ mice via intranasal inoculation of adenoviral vector to determine the contribution of airway epithelial TLR2 signaling to lung bacterial (e.g., Mp) clearance. Furthermore, we investigated the role of TLR2 in LTF production and the function of LTF in Mp clearance. We found that a partial reconstitution of TLR2 in airway epithelium of TLR2 Ϫ/Ϫ mice improves lung Mp clearance via increased lung LTF production.
METHODS
Mice. All experimental animals used in this study were covered by a protocol approved by our Institutional Animal Care and Use Committee. TLR2
Ϫ/Ϫ BALB/c mice were provided by Dr. S. Akira (Osaka University, Osaka, Japan) and were inbred in our biological resource center under pathogen-free housing condition. Age-and sex-matched wild-type BALB/c mice (8 -12 wk) were obtained from Jackson Laboratory (Bar Harbor, ME). All of the mice were quarantined to establish that they were virus and M. pulmonis free.
Mp preparation. Mp (strain FH; American Type Culture Collection 15531, Manassas, VA) was grown and prepared, as previously described (4) .
Generation of recombinant adenovirus containing murine TLR2 cDNA. The murine TLR2 (mTLR2) full-length cDNA in pCMV-SPORT6 plasmid was obtained from the Open Biosystems (Huntsville, AL) and further confirmed by DNA sequencing. A replication-defective recombinant human type 5 adenoviral vector expressing mTLR2 cDNA or empty control vector was generated using AdEasy Adenoviral Vector System (Stratagene, La Jolla, CA) per manufacturer's instruction. Recombinant adenovirus containing mTLR2 cDNA (mTLR2-Adv) or control virus (control Adv) was produced in AD-293 packaging cells. Adenovirus was then purified using an Adeno-X maxi purification kit (Clontech, Mountain View, CA), and eluted into sterile 1ϫ formation buffer (20 mM Tris·HCl pH 8.0, 25 mM NaCl, 2.5% glycerol; Sigma-Aldrich, St. Louis, MO) by buffer change. The viral titers were determined using the Adeno-X Rapid Titration Kit (Clontech).
Mouse models of intranasal inoculation with recombinant adenovirus, Mp, or LTF. In our preliminary time course experiments, TLR2
Ϫ/Ϫ mice were pretreated with control Adv or mTLR2-Adv for 2, 3, or 4 days, followed by Mp infection for an additional 24 h. Significant airway epithelial TLR2 reconstitution and improved Mp clearance in TLR2 Ϫ/Ϫ mice were observed similarly on both days 2 and 3 after adenoviral inoculation. Since an earlier time point is more specific to study lung innate immunity, we chose 2 days of adenoviral pretreatment as the current mouse model to investigate the in vivo role of airway epithelial TLR2 signaling in priming host innate response to Mp.
Mice were anesthetized intraperitoneally with 0.25 g/kg body wt of Avertine (2,2,2-Tribromoethanol dissolved in liquid tert-Amyl alcohol at 0.025 g/ml, Sigma-Aldrich). TLR2 Ϫ/Ϫ mice were inoculated intranasally with 30 l of control Adv or mTLR2-Adv at 10 8 plaqueforming unit (pfu)/mouse, as previously described (40) . Wild-type (TLR2 ϩ/ϩ ) mice were instilled intranasally with 30 l of 1ϫ formation buffer as a vehicle control. Two days later, mice were inoculated intranasally with 50 l of saline or Mp at 10 8 colony-forming unit (cfu)/mouse and were killed after 24 h. To obtain sufficient airway epithelial cells for detecting TLR2 protein in airway epithelial cells of TLR2 Ϫ/Ϫ mice with TLR2 gene transfer, four to five mice from each group were killed without bronchoalveolar lavage (BAL). Specifically, mouse tracheas were harvested to isolate primary tracheal epithelial cells for TLR2 Western blot analysis, and whole lung tissues were processed for TLR2 immunofluorescence staining. The remaining mice (n ϭ 6 -7) in each group were then processed with BAL. Briefly, the lung was lavaged with 1 ml of sterile saline. For Mpinfected mice, 10 l of BAL or left lung homogenate in PBS were plated on pleuropneumonia-like organis agar plates (Remel, Lenexa, KS) and incubated at 37°C with 5% CO2 for 7 days to quantify lung Mp load. The right lung was processed for laser capture microdissection (LCM) to determine TLR2 and LTF mRNA expression in airway epithelial cells. Cell-free BAL fluid was saved at Ϫ80°C and used for examining LTF protein levels by Western blot analysis.
To determine whether LTF expression is dependent on TLR2 signaling, TLR2
Ϫ/Ϫ and wild-type mice (n ϭ 6/group) were intranasally inoculated with 50 l of saline or Mp at 10 8 cfu/mouse and killed 24 h later to examine lung LTF expression. Moreover, to test the role of LTF in promoting lung Mp clearance, purified human milk LTF protein (0, 125, 250, or 500 g/50 l saline; Sigma-Aldrich) or bovine serum albumin (BSA) (an irrelevant protein control, 500 g/50 l saline) was intranasally inoculated 30 min after Mp (10 8 
cfu/ mouse) infection in TLR2
Ϫ/Ϫ mice. Mice were killed 24 h later to examine lung Mp load. The doses of purified human LTF were selected according to the previous studies in humans (29) and were also consistent with several mouse studies (15, 32) .
Mouse primary tracheal epithelial cell isolation. To confirm whether TLR2 gene transfer by adenoviral vectors results in epithelial TLR2 protein expression, mouse primary tracheal epithelial cells were isolated from TLR2 Ϫ/Ϫ mice with or without TLR2 gene transfer and wild-type mice (38) . Briefly, mouse tracheas were cut longitudinally and pooled from the same group for digestion in ice-cold DMEM media (GIBCO, Grand Island, NY) supplemented with 0.1% protease solution (Sigma-Aldrich) at 4°C for 6 h. After vigorous flushing wash, the released cells were lysed in 50 l of RIPA buffer (Pierce, Rockford, IL) supplemented with 1% halt protease and phosphatase inhibitor cocktail (Pierce) for TLR2 Western blot. The purity of epithelial cells was Ͼ95%, as evaluated under a light microscope.
Mouse primary alveolar macrophages isolation and culture. To confirm if adenovirus-mediated TLR2 reconstitution is relatively specific in airway epithelial cells, mouse primary alveolar macrophages (pAMs) were isolated from BAL cells of TLR2 Ϫ/Ϫ mice, with or without TLR2 gene transfer and wild-type mice (36) . Specially, isolated pAMs were pooled from the same group, seeded in triplicate in 48-well tissue culture plates, and treated with 10 ng/ml of Pam3CSK4 (a TLR2 agonist; InvivoGen, San Diego, CA) or PBS for 24 h. The culture supernatants were collected for IL-6 measurement by ELISA (R&D Systems, Minneapolis, MN) to indicate TLR2 activation.
LCM. LCM was performed in frozen lung sections, as previously described (4), to isolate mouse bronchial epithelial cells for examining TLR2 and LTF mRNA expression.
TLR2 immunofluorescence staining. Mouse lung tissues were embedded in Tissue-Tek optimal cutting temperature compound (Sakura FineTek USA, Torrance, CA) and stored at Ϫ80°C until use. Frozen sections were cut at 6-m thickness and fixed in ice-cold acetone/ methanol (1:1). They were then blocked with 10% normal goat serum (Vector Laboratories, Burlingame, CA), probed with 2 g/ml of rabbit anti-mouse TLR2 (Santa Cruz Biotechnology, Santa Cruz, CA) or control rabbit Ig (Vector Laboratories) at 4°C overnight. The slides were incubated with FITC-conjugated goat anti-rabbit Ig at room temperature for 1 h (Vector Laboratories), and then with 4=,6-diamidino-2-phenylindole to counterstain the nuclei. After being mounted with DAKO fluorescent mount medium (Dako, Glostrup, Denmark), the slides were examined under a fluorescent microscope.
Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was performed on the ABI Prism 7700 sequence detection system (Applied Biosystems, Foster City, CA). 18S rRNA was evaluated as an internal positive control. The comparative cycle of threshold (⌬⌬Ct) method was used to demonstrate the relative mRNA levels of target genes (4). The following primers and probe of mTLR2 cDNA (Genbank accession number, BC014693) were used: forward, 5=-CCA-TCGAAAAGAG-CCACA-3=; reverse, 5=-CAGCAAAACAAGG-ATGGC-3=; probe, 5=-CCGTACGAAGTTCTC-AGAAAGCACGA-3=. TaqMan Gene Expression Assay for murine LTF (Mm00434787_m1) was obtained from Applied Biosystems.
Western blot analysis. Protein (50 g) from isolated mouse primary tracheal epithelial cells was used for TLR2 Western blot analysis and normalized with GAPDH (loading control). Mouse BAL fluid (10 l/mouse) was used for LTF Western blot analysis. The blotting membranes of BAL fluid were stained with Ponceau S to confirm equal protein loading by comparing the 68-kDa protein (corresponding to albumin) levels (4). The primary antibodies were rabbit antimouse TLR2 (Santa Cruz Biotechnology) and rabbit anti-mouse LTF (Millipore, Billerica, MA).
Anti-Mp activity of purified human LTF protein.
Mp (4 ϫ 10 4 cfu/ml) was incubated with purified human LTF protein from milk at various concentrations (62.5, 125, 250, and 500 g/ml) or BSA (an irrelevant protein control) in a 96-well tissue culture plate for 2 h. The LTF doses were justified based on previous studies (12, 15, 29, 32) . The supernatants were plated on pleuropneumonia-like organis agar plates (Remel) and incubated at 37°C with 5% CO 2 for 7 days to qualify Mp.
Statistical analysis. Normally distributed data are presented as means Ϯ SE. One-way ANOVA was used for multiple comparisons, and a Turkey's post hoc test was applied where appropriate. Student's t-test was used when only two groups were compared. Nonnormally distributed data are expressed as medians with interquartile (25-75%) ranges and compared using the Wilcoxon rank-sum test. P Ͻ 0.05 was considered significant. Fig. 1 , intranasal inoculation of mTLR2-Adv, but not control Adv, in TLR2 Ϫ/Ϫ mice reconstituted TLR2 mRNA expression in bronchial epithelial cells obtained through laser microdissection. This basal TLR2 mRNA level was ϳ32% of that in airway epithelial cells of wild-type (TLR2 ϩ/ϩ ) mice. Bronchial epithelial localization of TLR2 protein in mTLR2-Adv-treated TLR2 Ϫ/Ϫ mice was confirmed by immunofluorescence staining, despite weak TLR2 signals in all saline-treated TLR2 Ϫ/Ϫ mice after TLR2 gene transfer. However, with Mp infection, TLR2 protein was clearly localized on the apical surface of bronchial epithelium of TLR2 Ϫ/Ϫ mice with mTLR2-Adv-mediated gene transfer ( Fig. 2A) . No TLR2 staining was found in the lungs from mice treated with control Adv and Mp.
RESULTS

Adenovirus-mediated gene transfer reconstitutes TLR2 expression in mouse airway epithelial cells. As shown in
Furthermore, we isolated tracheal epithelial cells from TLR2 Ϫ/Ϫ mice with mTLR2-Adv-mediated gene transfer to further confirm TLR2 protein reconstitution by Western blot analysis. As shown in Fig. 2B , the basal (saline treatment) TLR2 protein expression was detected in tracheal epithelial cells of TLR2 Ϫ/Ϫ mice with mTLR2-Adv-mediated gene transfer, which was ϳ50% of that in wild-type epithelial cells (data not shown). Such a basal TLR2 protein expression was further enhanced by an ensuing in vivo Mp infection.
Previous studies have reported that an in vivo adenovirusmediated gene transfer via intranasal delivery is localized mainly to bronchial epithelial cells, but to a lesser degree to alveolar macrophages (21) Ϫ/Ϫ mice with airway epithelial TLR2 reconstitution, LTF mRNA and protein levels were examined in microdissected bronchial epithelial cells and BAL fluid, respectively. As shown in Fig. 4A , Mp infection significantly increased epithelial LTF mRNA expression (ϳ90-fold) in mTLR2-Adv-treated TLR2 Ϫ/Ϫ mice compared with that of control Adv-treated TLR2 Ϫ/Ϫ mice. The LTF mRNA levels in Mp-infected mTLR2-Adv-treated TLR2 Ϫ/Ϫ mice were ϳ20% of those in Mp-infected wild-type mice.
Furthermore, we found that, after Mp infection, BAL LTF protein levels were significantly higher in mTLR2-Adv-treated mice than those in control Adv-treated mice (Fig. 4B) . The LTF protein levels in Mp-infected mTLR2-Adv-treated TLR2 Ϫ/Ϫ mice were ϳ40% of those in Mp-infected wild-type mice.
TLR2 dependency of LTF induction following Mp infection.
The observation of improved LTF expression coupled with reconstituted airway epithelial TLR2 expression after Mp infection led us to hypothesize that LTF production is dependent on TLR2 signaling. To test this hypothesis, we measured LTF expression in TLR2 Ϫ/Ϫ and wild-type mice. As shown in Fig. 5 , Mp infection in wild-type mice significantly increased LTF expression at both mRNA and protein levels compared with saline controls. However, in TLR2 Ϫ/Ϫ mice, Mp infection did not significantly induce LTF mRNA expression in the lung Ϫ/Ϫ mice were intranasally inoculated with recombinant adenovirus containing murine TLR2 gene (mTLR2-Adv) or control virus (control Adv). Wild-type (TLR2 ϩ/ϩ ) mice were instilled intranasally with 1ϫ formation buffer (no Adv) as a vehicle control. Two days later, all of the mice were intranasally treated with saline and killed 24 h later. TLR2 mRNA expression was measured using real-time RT-PCR in mouse bronchial epithelial cells isolated by laser capture microdissection. Relative levels of mRNA expression were normalized to 18S rRNA levels and calculated via comparative cycle of threshold (⌬⌬Ct) method. Values are presented as means Ϯ SE; n ϭ 6 -7/ group. Results shown are from one representative experiment of two independent experiments. ND, not detectable. *P Ͻ 0.05, compared with control Adv-treated mice. compared with saline controls (Fig. 5A) . Although LTF protein was upregulated by Mp infection in TLR2 Ϫ/Ϫ mice compared with saline controls, the induction levels of LTF were much lower (80% less) than those in Mp-infected wild-type mice (Fig. 5B) .
Human LTF protein dose-dependently reduces lung bacterial load in Mp-infected TLR2
Ϫ/Ϫ mice. To test if LTF promotes lung Mp clearance in vivo, we determined lung Mp load in Mp-infected TLR2 Ϫ/Ϫ mice with or without human LTF protein inoculation. As shown in Fig. 6 , lung Mp load was significantly higher in Mp-infected TLR2 Ϫ/Ϫ BALB/c mice than Mp-infected wild-type (TLR2 ϩ/ϩ ) mice. This set of new data was similar to our laboratory's previous results in TLR2 Ϫ/Ϫ C57BL/6 mice (38), and further confirmed our data shown in Fig. 3 . Intranasal administration of human LTF protein dose-dependently reduced lung Mp load in TLR2 Ϫ/Ϫ mice compared with BSA control.
Human LTF protein directly inhibits Mp growth in vitro. Since mouse and human LTF shares ϳ70% of identity in amino acids (28) , it has been predicted that LTF proteins from the two species may have similar functions. Mp was incubated with different doses of purified human LTF protein to examine its antimicrobial activity in vitro. As shown in Fig. 7 , compared with BSA control, human LTF protein directly decreased Mp levels in a dose-dependent manner. The LTF concentration that gave a significant reduction of Mp levels was 125 g/ml, which was close to the normal LTF protein levels in human bronchial epithelial lining fluid (122 Ϯ 29 g/ml) (29) .
DISCUSSION
Understanding the in vivo function of airway epithelial cell TLR signaling is critical to improve mucosal immunization and therapy to fight against a broad spectrum of invading bacteria or viruses. However, the relative contribution of airway epithelial TLR2 function to in vivo lung host defense against bacterial infections has not been revealed. For the first time, we demonstrated that reconstitution of airway epithelial TLR2 signaling in TLR2-deficient mice via adenovirus-mediated in vivo gene transfer significantly restored lung host defense against Mp infection, which is partly through the induction of antimicrobial protein LTF.
Previous studies have suggested that the efficiency of adenovirus-mediated gene transfer to mouse trachea and intrapulmonary airways via the luminal surface of polarized epithelial cells is low due to the paucity of apical receptors required for viral entry (24, 33) . Thus the doses of adenoviral vectors for in vivo gene transfer in airway epithelial cells usually are high (1-2 ϫ 10 9 pfu/mouse) (23, 27) . As a high dose of adenovirus may cause side effects such as excessive lung inflammation, it will limit its therapeutic implication. Therefore, a low dose of adenovirus containing the target gene would be preferred to attain therapeutic efficacy. In the present study, we utilized a relatively low single dose (10 8 pfu/mouse) of adenovirus containing mouse TLR2 cDNA and achieved a significant improvement of bacterial (i.e., Mp) clearance from Mp-infected TLR2 Ϫ/Ϫ mouse lungs. Such an improvement of lung bacterial clearance is associated with specific TLR2 reconstitution at both mRNA and protein levels in large-airway (e.g., tracheal and bronchial) epithelial cells, but not in the more distal airways and alveolar tissue including alveolar macrophages. Our findings provide a valuable strategy to improve airway mucosal innate immunity in patients with dampened TLR2 signaling due to chronic lung diseases (e.g., COPD and asthma) by administrating a low dose of replication-deficient adenovirus containing a TLR2 gene. However, the airway epithelial cell TLR2 reconstitution only partially restored lung bacterial clearance from Mp-infected TLR2 Ϫ/Ϫ mice. Although the exact mechanisms for such incomplete restoration of Mp clearance remain unclear, the continued TLR2 deficiency in immune cells of Mp-infected TLR2 Ϫ/Ϫ mice could be one of the factors. In our laboratory's previous report, we have clearly shown that decreased TLR2 expression and IL-6 production in lung DCs contribute to the dampened lung Mp clearance in allergic mice (37) . The chimeric TLR2 Ϫ/Ϫ mice reconstituted with bone marrow from wild-type mice could be used to clearly define the relative role of hematopoietic immune cells (e.g., DCs) vs. nonhematopoietic cells (e.g., epithelial cells) to lung mycoplasma clearance.
The major advantage for administrating a low dose of replication-deficient adenovirus is that, while the virus transiently restores airway mucosal immunity (e.g., epithelial TLR2 function), it may not pose any significant safety concern based on previous studies. First, in healthy human subjects, intranasal administration of a replication-deficient recombinant adenovirus-based influenza vaccine expressing hemaglutinin is found to be safe and more effective than cutaneous patch immunization (30) . Second, Damjanovic and colleagues (5) have recently reported that intranasal delivery of replicationdefective recombinant adenoviral vector results in gene transfer predominantly in the respiratory system, but not in other organs, including the brain. Third, the expression of a gene in airway epithelial cells after intranasal gene transfer by adenoviral vector only lasts for 10 -12 days (21) . This suggests that a single dose of adenoviral vector may not be suitable for long-term correction of chronic disorders, but should be more appropriate for therapeutic strategies that require effective and transient gene expression, especially for enhancement of a normal gene rather than correction or replacement of a defective gene. For example, the duration of acute disease exacerbations due to airway bacterial infections usually lasts for ϳ1 wk in patients with chronic lung diseases. Such a short-term The blot membranes were stained with Ponceau S, and the intensity of 68-kDa protein (corresponding to albumin) was used to confirm equal protein loading. Values are means Ϯ SE; n ϭ 6 -7/group. *P Ͻ 0.05, compared with control Adv-treated mice.
TLR2 reconstitution would be sufficient to restore airway epithelial host defense function, but could avoid unpredictable side effects from the prolonged TLR2 expression in airway epithelium. Lastly, in our preliminary experiments, a low dose (10 8 pfu/mouse) of control or mTLR2 adenovirus alone resulted in very minimal lung inflammation (e.g., BAL inflammatory cells and IL-6 production) in TLR2 Ϫ/Ϫ mice on day 2 postinoculation compared with buffer controls. Together, these data suggest that a narrow window of TLR2 reconstitution in airway epithelial cells following a low dose of replicationdeficient adenovirus would be sufficient to promote bacterial clearance from the lungs with a dampened TLR2 function, but does not cause excessive inflammation.
Airway mucosa not only serves as a physical barrier but also activates immune defense mechanisms such as induction of antimicrobial molecules including LTF. With TLR2 reconstitution in airway epithelial cells by mTLR2-Adv pretreatment in TLR2 Ϫ/Ϫ mice, LTF expression in bronchial epithelial cells and BAL fluid was significantly elevated after Mp infection. However, BAL LTF protein levels did not have any significant correlation with lung inflammatory markers, such as BAL neutrophils (r ϭ Ϫ0.36, P ϭ 0.96), suggesting that LTF more likely exhibits its direct anti-bacterial activity to promote lung Mp clearance in the present mouse model. Furthermore, by comparing lung LTF levels in TLR2
Ϫ/Ϫ and TLR2 ϩ/ϩ mice, we reveal, for the first time, that LTF induction is mainly dependent on TLR2 signaling following Mp infection. However, Mp infection is still able to induce LTF production in TLR2 Ϫ/Ϫ mice compared with saline controls, although the LTF levels are only ϳ20% of those in Mp-infected wild-type (TLR2 ϩ/ϩ ) mice. These findings suggest that additional signaling pathways may contribute to LTF production in our current mouse model. One of the possible pathways to induce LTF expression by Mp infection in TLR2 Ϫ/Ϫ mice could be TLR9 signaling since Mp has unmethylated CpG motifs in its DNA sequence (39) . This hypothesis needs to be tested in future experiments by infecting TLR9 Ϫ/Ϫ and/or TLR2 Ϫ/Ϫ mice with Mp in the absence or presence of TLR2 gene transfer. Although LTF has antimicrobial activity against a broad range of pathogens, its efficacy varies among different strains of bacteria. For example, human LTF exerts in vitro bactericidal effects on Micrococcus luteus, but not on other Micro- Ϫ/Ϫ and wild-type (TLR2 ϩ/ϩ ) mice were intranasally treated with Sal or Mp and killed 24 h later to examine lung LTF expression. A: whole lung LTF mRNA levels were measured by real-time RT-PCR. Relative levels of mRNA expression were normalized to 18S rRNA levels and calculated via ⌬⌬Ct method. B: densitometric analysis of BAL LTF protein levels examined by Western blot. Values are means Ϯ SE; n ϭ 6/group. NS, not significant (P Ͼ 0.05). *P Ͻ 0.05. coccus species (M. radiophilus, M. roseus, and M. varians) (6) . For the first time, we have clearly demonstrated that LTF production contributes to the clearance of Mp from the airways. First, the impaired Mp clearance in TLR2 Ϫ/Ϫ mice was restored by intranasal administration of purified human LTF protein. We realize that supplementation of LTF may not explicitly demonstrate its direct role in promoting lung bacterial clearance of Mp-infected TLR2 Ϫ/Ϫ mice. An alternative approach to reveal the relative importance of LTF in improving lung Mp clearance is to deplete mouse LTF protein or block its function in vivo by using a neutralizing antibody. However, due to the lack of a commercial LTF neutralizing antibody, we cannot perform the LTF neutralization experiment in the present study. Second, human LTF protein directly inhibited Mp growth in vitro in a dose-dependent manner. However, the molecular mechanisms underlying the antimicrobial function of LTF against Mp remain unclear and is worthy of being investigated.
In summary, we have demonstrated that reconstitution of airway epithelial TLR2 signaling in TLR2 Ϫ/Ϫ mice via adenovirus-mediated in vivo gene transfer significantly restored lung defense against Mp infection partly through induction of antimicrobial LTF protein. Our findings emphasize the importance of airway epithelial TLR2-mediated antimicrobial mechanisms and may offer a deliverable approach to attenuate bacterial infections in airways of asthma or COPD patients with impaired TLR2 function. Although adenoviral vectors provide more viable and efficient gene transfer compared with other gene delivery approaches for human gene therapy, the translation of our mouse work into a clinical setting still could be technically challenging.
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